. Their aggregation behavior was studied both in polar (aqueous buffer) and non-polar (hexane) environments and the esterifying alcohols were found to play an essential role. In aqueous buffer, hydrophobic interactions among esterifying alcohols drive BChlide c derivatives with longer chains into the formation of dimers, while this interaction is weak for BChlides with shorter esterifying alcohols and they remain mainly as monomers. All studied BChlide c derivatives form aggregates in hexane, but the process slows down with longer esterifying alcohol due to competing hydrophobic interactions with hexane molecules. In addition, the effect of the length of the solvent molecules (n-alkanes) was explored for BChl c aggregation. With an increasing length of n-alkane molecule, the hydrophobic interaction with the farnesyl chain becomes stronger, leading to a slower aggregation rate. The results show that the hydrophobic interaction is the driving force for the aggregation in aqueous environment, while in non-polar solvents it is the hydrophilic interaction.
This suggests that the length of the esterifying alcohol might be crucial for the aggregation ability. In this work we explore aggregate formation by synthetic XBChlide c derivatives varying in the length of their n-alkyl chain both in polar (aqueous buffer) and non-polar (hexane and other n-alkanes) environments. Due to excitonic coupling between pigments, absorption spectroscopy is a sensitive technique to monitor the degree of aggregation. Our results demonstrate that the length of the esterifying alcohol plays an essential role in the build-up of BChl aggregates. Further, it is shown that the driving force for the aggregation is the hydrophobic interaction (between esterifying alcohols) in aqueous environment and the hydrophilic interaction (between chlorin rings) in non-polar solvents. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Fig. 1 ), the Do-BChlide c was prepared from Me-BChlide c using the same procedure as described above. The four main C8 and C12 homologues of all X-BChlide c derivatives were collected in one single pool. The HPLC-purified XBChlide c derivatives were dried thoroughly under a stream of nitrogen. Traces of amphiphilic contaminants (i.e. free X-OH) that could accompany the X-BChlide c derivatives were washed out by means of hexane. After several washes of dry pigments with an excess of hexane, the remaining hexane was blown out with a stream of nitrogen and the dried X-BChlide c derivatives were kept under inert atmosphere at -20°C until use.
MATERIALS AND METHODS

Growth conditions of Chlorobium tepidum and isolation of
Mass spectrometry (MS) analysis of the prepared X-BChlides was performed on a HPLC Agilent 1100 with a MSD SL-Ion Trap mass spectrometer and electrospray ion source (Agilent Technologies, USA). The ion trap mass spectrometer was optimized for ions with m/z (mass-to-charge) ratio 600 in a positive mode. The spray needle was at a potential of 4.5 kV, and a nitrogen sheet gas flow of 20 (a.u.) was used to stabilize the spray. The counter electrode was heated to 200°C, and the stainless-steel capillary held at a potential of 10 V. The tube-lens offset was 20 V, and the electron multiplier voltage was -800 V. Helium gas was introduced into the ion trap at a pressure of 0.13 Pa to improve the trapping efficiency of the sample ions introduced into the ion trap. The background helium gas also served as the collision gas during the collision activation dissociation. A typical experimental protocol for the direct infusion MS/MS experiments consisted of injection a solution of purified chlorophyll derivatives in Absorption spectra. Absorption spectra were measured using Spectronic Unicam UV-300 spectrophotometer (Cambridge, UK) in 1-cm path glass cuvettes. Spectra were normalized to a constant area under the spectrum (when plotted with an x-axis in energy units). The normalization is based on the assumption that the overall oscillator strength of pigment molecules in different aggregation states must be conserved; and that the length of the esterifying alcohol does not alter the oscillator strength of the pigment. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The results summarized in Table 1 (Table 1) . Absorption spectra of all studied X-BChlide derivatives in MeOH were undistinguishable from spectra of BChl c (not shown). These facts confirm identification of the prepared X-BChlides.
Absorption spectra of X-BChlide c derivatives in aqueous buffer
The effect of esterifying alcohol length on X-BChlide c aggregation in aqueous buffer is illustrated in Fig. 2 . Me-BChlide c has the shortest tail and therefore it is a polar molecule. As a result, it is well soluble in aqueous buffers and quickly after preparation (<5 min) the absorption spectrum reaches the steady state where the prevailing form is a monomer with a maximum at 676 nm ( Fig. 2a and inset) . On increasing the esterifying alcohol length of the X-BChlide c derivatives, a concomitant increase in absorbance at around 710 nm is observed together with a slower evolution of the spectral properties (Fig. 2b d) . The absorption spectrum of Do-BChlide c exhibits the slowest evolution.
While the monomeric form is prevailing also for Do-BChlide c 5 min after preparation (Fig. 2, inset) , the 710 nm band is clearly discernible after 24 hours (Fig. 2d) . The results shows that the increase in the non-polar character of the X-BChlide c derivatives leads to a development of another spectral form of X-BChlide c derivatives, which is induced by more intense hydrophobic interaction between the molecules in aqueous buffer. The presence of methyl substituents and double bonds in the farnesyl group of BChl c promotes better formation of the absorption band at 710 nm than the dodecyl group of Do-BChlide c, which has the same skeleton length (C 12 ) as farnesyl (Fig. 2e) .
The BChl c form with a main Q y maximum at 710 nm has been previously attributed by NMR to a mixture of antiparallel and T-shaped dimers of BChl c in organic solvents (39). Later, the BChl c form with basically identical spectrum was also observed in aqueous buffer (23). We will denote this species as 'dimers' in this work to distinguish them from higher-state aggregates. It should be stressed that the presented absorption spectra of X-BChlide c derivatives were obtained without use of lipids, detergents or any other additions. No aggregates in higher state than dimers were observed even after several days of incubation.
It is known that BChl c forms (higher-state) aggregates in aqueous buffer in the presence of lipids, e.g. MGDG (1,2,22,26). We have observed similar aggregates also when using the X-BChlide derivatives. All studied X-BChlides formed aggregates in the presence of MGDG, however, a slight decrease in the rate of aggregate formation with an increase of the polar character (i.e. with shorter esterifying alcohol) was discernible. Nevertheless, already after 4 hours all the X-BChlide c derivatives formed structures with very similar absorption spectra to BChl c aggregates (data not shown). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Absorption spectra of X-BChlide c derivatives in hexane
The BChl c aggregates can be formed not only in aqueous environment when lipids or carotenoids are present, but also in various non-polar organic solvents. In the latter case, pure BChl c forms aggregates with no further additions. Apparently, the driving force for aggregation in non-polar solvents is the hydrophilic interaction between the polar chlorin heads rather than the hydrophobic interaction between esterifying alcohols.
Therefore it is interesting to investigate whether the length of esterifying alcohol also affects the aggregation of X-BChlide c in non-polar solvents. In this work we used hexane. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
BChl c in n-alkanes
As shown above, the aggregation rate in hexane is slower for X-BChlide c derivatives with longer esterifying alcohol. This indicates that the rate of aggregate formation in non-polar solvents is hindered by the hydrophobic interaction of the esterifying alcohol with the solvent. This observation has led us to investigate aggregation of BChl c in a series of n-alkanes with a different molecule length: hexane, octane, decane, dodecane and tetradecane. All of them are liquid at room temperature. Figure 4 shows absorption spectra of BChl c dissolved in these n-alkanes after 24 h incubation. It is well known that BChl c in hexane forms aggregates readily (see also Fig. 3 ), however, we observed that, on increasing the length of solvent molecules, BChl c aggregates are formed less efficiently and more slowly as revealed by higher amount of dimers in absorption spectra (Fig. 4) . The changes in absorption spectra of BChl c suggest that the hydrophobic interaction of farnesyl tail is stronger with longer n-alkanes, which 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
BChl c forms mainly dimers during the first 15 min after preparation, which later evolves to a mixture of dimers and higher-state aggregates (Fig. 4, inset reason for the use of the naturally occurring mixture of the homologues in this study.
Indeed, the length of esterifying alcohol clearly affects the spectral properties of the studied pigments, both in aqueous and non-polar environments. As neither naturally occurring esterifying alcohols nor the n-alcohols used in this study absorb in the visiblenear infrared spectral region, the length of alcohol chain must cause the observed changes in absorption spectra indirectly. In fact, the length of the esterifying chain modifies the driving force of the aggregation that affects the excitonic coupling between the chlorin rings and thus determines the absorption spectrum.
In general (B)Chls are not well soluble in aqueous environment due to the hydrophobicity imposed by their esterifying alcohol. In contrast, BChl c is rather soluble in aqueous buffer, where the hydrophobic interaction between the farnesyl tails of BChl c drives them to form dimers (23). In this study, we have used X-BChlide c derivatives differing in the n-alkyl chain to prove with more detail that the hydrophobic driving force depends on the length of these moieties and that excitonic coupling in aqueous buffer is not evident until certain length of the n-alkyl chain is reached. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In non-polar environments we can expect that the driving force will be the hydrophilic interaction between polar chlorin rings. Indeed, we observed that the aggregation for Me-BChlide is fastest and most efficient; an opposite situation to that in aqueous environment. As BChl c is known to form aggregates in hexane, it is not surprising that aggregates were also developed by all the other X-BChlides with shorter alcohols. They all gave a similar Q y peak position, in agreement with results reported for Me-BChl c and hexyl-BChl c (30). However, it is worth noting that the length of the esterifying alcohol again modifies the aggregation rate, this time in opposite direction to that in aqueous buffer. The slower aggregation of X-BChlide with longer n-alkyl chain is due to the stronger hydrophobic interaction between the n-alkyl chain and the hexane molecule. A detailed study of BChl c aggregation rates in non-polar solvents such as hexane has been reported in (40). The concentration dependence of BChl c self- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w Previously, no significant changes were observed in the spectral properties of chlorosomes of Chlorobium tepidum and Chloroflexus aurantiacus when the esterifying alcohols were altered by growing bacteria in culture media supplemented with long (C 10 -C 20 ) alcohols (34,35). These observations do not contradict the results we present in this study. The extent of the observed spectral changes in our study depends on the polarity of both X BChlide and the used solvent. The change of polarity is most significant going from MeOH to octanol as the esterifying alcohol, while the alcohols used in the previous studies (34,35) have a polarity similar to that of naturally occurring esterifying alcohols.
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Me-BChl c
